Study design: Single case study. Objectives: To evaluate the energy expenditure during ambulation with the Advanced Reciprocating Gait Orthosis (ARGO), with and without functional electrical stimulation (FES), and with the Parastep system in a single subject, in order to avoid the eect of intersubject variability. Setting: The Centre of Sport Medicine and Bioengineering Centre`Don C Gnocchi' Foundation ONLUS IRCCS, Milano, Italy. Methods: A single patient (lesion level T 5 ± T 6 ) was trained speci®cally for each walking system and was evaluated after each training period. The eects of FES on muscle conditioning, spasticity and bone density were also evaluated. The HR/ VO 2 relationship and the energy cost of locomotion were measured during wheelchair (WHCH) use, during locomotion with ARGO (with and without FES) and Parastep system at dierent speeds. Results: The following was observed at the end of the whole training: (a) circumferences of both lower limbs and quadriceps forces were increased, whereas fatigue index was slightly decreased, spasticity and bone density were unchanged; (b) compared to WHCH locomotion, the slope of HR/ VO 2 curves with ARGO was higher (slope dierence=51.1 b 1O 2 71 ), with ARGO+FES was similar (slope dierence=75.3 b 1O 2 71 ) and with Parastep was smaller (slope dierence=755.6 b 1O 2 71 ); (c) HR increased linearly with all locomotion systems, but did not rise above 125 bpm with Parastep; (d) the cost of locomotion was higher with Parastep than with ARGO (with and without FES), tested at each velocity; (e) Parastep appears to be easier to use for the subject. Conclusions: (a) FES can improve ambulation with orthosis, but the cost of locomotion remains very high; (b) the Parastep assisted gait elicits a higher energy expenditure than other orthoses, probably due to the lower speed of locomotion and to the high isometric eort of the stimulated muscles. Sponsorship: This work has been partially supported by the Italian Minister of Public Health (Ricerca Finalizzata IRCCS no ICS030.7/RF97.25).
Introduction
Standing and walking inability in paraplegic subjects can cause several secondary eects, such as joint contractures, pressure sores, accelerated osteoporosis, edema, spasticity, urinary and intestinal stasis. 1, 2 Moreover, spinal cord injured patients usually develop a global cardiovascular deconditioning, which presumably leads to the increased cardiovascular risk observed in these patients. 1, 2 For these reasons, the possibility to restore gait in paraplegics has been studied for several years, leading to the development of dierent types of orthoses. The ®rst devices proposed were the long leg braces. However, they were too heavy, cumbersome and poorly ecient. 3, 4 The introduction of the reciprocating orthoses increased paraplegic gait eciency. 5, 6 These devices facilitate the hip extension during stance and the hip¯exion during swing, through a cable linkage between the two hips. More recently, the reciprocating mechanical orthoses were combined with functional electrical stimulation (FES), in order to facilitate the leg propulsion phase of orthoses-assisted gait and to reduce the overall energy expenditure. 7 ± 10 Unfortunately, in spite of the rapid evolution of orthotic devices, their eciency is very low when compared to normal gait 11 and even to wheelchair ambulation. 12, 13 The walking speed is low and the mean walking distance remains short. The most important reason for that is presumably that orthotic-assisted gait requires a very high energy expenditure, leading patients to stop after a few minutes. 13 This critically aects the patient compliance to orthosis use.
To date, many studies were performed in order to compare the energy requirements of the dierent types of orthosis for paraplegics deambulation 9,13 ± 18 However, one of the main problems in studying the energy cost of dierent orthotic devices is that the groups of paraplegic subjects considered in these studies are often numerically small, and include individuals with dierent lesion levels and/or cardiovascular ®tness. Hence, the assessment of the energy cost of the assisted locomotion in spinal cord injury patients can elicit very high variability.
The aim of the present study was to compare the energy cost of locomotion and the cardio-respiratory response with three dierent orthotic systems within a single patient, speci®cally trained for each device, in order to reduce the eect of inter-subject variability, previously reported to be very high. 19, 20 To this aim, we evaluated the actual most widespread orthoses among paraplegics: the Advanced Reciprocating Gait Orthosis (ARGO), with and without FES, and the Parastep system.
Material and methods

Patient
A male paraplegic subject was enrolled (age 28 years, weight 66 kg, height 160 cm). The patient was characterised by a traumatic spinal cord injury from 2 years at T 5 ± T 6 level (ASIA impairment scale: A). 21 He had no previous experience with orthosis and electrical stimulation. The subject matched the inclusion criteria proposed for the reciprocating hybrid orthosis and Parastep. 5, 6, 22, 23 The patient gave his written informed consent for the study.
Walking systems
The Advanced Reciprocating Gait Orthosis (ARGO) Constructive principles and mechanical characteristics of the ARGO (Hugh Steeper Limited, London, UK, weight 6.9 kg) used in this study are reported elsewhere. 24 No signi®cant modi®cations were applied to the orthosis.
The functional neuromuscular stimulator The stimulator (DEM, Torino, Italy, weight 0.6 kg) used with the ARGO was developed to combine FES with reciprocating orthoses. It is a four channel stimulator which allows the contemporary stimulation of the hip¯exor muscles of one leg and of the hip extensor muscles of the controlateral leg during locomotion. 9 The stimulation is activated manually by the subject by pushing a button on the handles of the walker. The FES parameters were: biphasic rectangular waves, 20 Hz frequency, 280 ms of pulse width and 160 mA of max current amplitude.
The Parastep system The Parastep system (Sigmedics Inc., North®eld, IL, USA, Parastep+AFO=weight 1.3 kg), 23 is the only FES ambulation system actually approved by FDA. The device is a six-channel stimulator, controlled by a microprocessor and powered by a battery. The FES parameters were: monophasic rectangular waves, 24 Hz current frequency, 150 ms pulse width and current amplitude that can be varied manually from 0 mA to 300 mA. In our case the electrodes were placed on quadriceps to sustain the knee, in order to reach and maintain the standing posture. They were also placed laterally at the knee, to produce a¯exion withdrawal re¯ex of the leg, triggering the stepping action. Despite the suggestion of Graupe and Kohn, 23 the electrodes were not applied on the gluteus maximus, because the patient, even with the high lesion level, was able to bear the body mass on the upper limb and to adequately control the trunk equilibrium. Moreover, the stimulation on the gluteus was quite uncomfortable for the subject, and a source of instability during gait. The patient was able to put the electrodes on the quadriceps and the peroneal nerve alone and to wear the whole system within 10 min, while he could not put the electrodes on the back without assistance.
The stimulation unit was connected to a standard aluminium frame walker that has push-button switches mounted on the handles, to allow the user to control the stand and sit functions, the step activation and the stimulation intensity.
During walking the subject wore a standard anklefoot orthosis to increase ankle stability and to avoid foot drop.
Training program
The patient was recruited for a rehabilitation program aimed at restoration of walking with a hybrid system (ARGO combined with FES), and then with the Parastep system. The subject carried out a dedicated training for each walking system with a resting period of about 1 month between each other, in order to limit any inter-training in¯uence.
Training for muscle conditioning Before beginning the gait training, the patient was enrolled in a muscle strengthening program through the FES-WeR system. 25 This system was designed and developed for quadriceps muscles' re-strength during movements of standing up ± sitting down, induced by FES and supported by a mechanical device for weight relief. The training of muscle conditioning consisted of 3 to 4 sessions/week of 90 min, and lasted 30 sessions. By means of the FES-WeR, we managed to reach a good level of quadriceps strength and an optimal balance of the trunk. At the end of the training, the patient was able to perform the sit to stand movements and maintaining knee locking under FES.
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Training with ARGO and FES After the muscle conditioning, the subject started using the ARGO (with and without FES). The training lasted 50 sessions and consisted of 2/3 sessions/week of 90 min, according to a protocol also adopted by other authors. 27 After the training with the ARGO, the patient began the training with the Parastep system.
Training with the Parastep system This rehabilitation program has been divided into three phases. The ®rst phase, performed at the parallel bars, was dedicated to training the standing-up movement and maintaining the standing posture. This period has been useful to the patient to maintain a sucient strength of the quadriceps and to carry out exercises for the trunk balance.
In the second phase, the patient began to walk with the Parastep into the parallel bars. At the end of this period, the subject was able to walk backwards and forwards inside the parallels for several times and to control the movements of the trunk and pelvis to facilitate the swing phase of the leg. When the patient was con®dent enough with the system, the third phase of the training began in which he walked out of the parallel bars.
The whole training with Parastep lasted 50 sessions and consisted of 2/3 sessions/week of 90 min, as also done by other authors. 20 Measurements and data collection Muscle training tests The following measurements have been performed at the end of the training for muscle conditioning:
. thigh circumference (cm) of both legs, measured at the distance of 15 cm from patellae with the legs extended; . maximum isometric knee torque (Nm), measured at 608 from the complete extension of the knee by means of a bench equipped with strain gauge; . fatigue index according to Kralj & Bajd, 26 in order to verify the decrease of force during 30 s of continuous stimulation;
. degree of spasticity, measured by means of the Computerised Pendulum, an experimental procedure previously described by Ferrarin et al;
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. femoral bone density by means of a computerised mineralometry (HOLOGIC QDR 1000 WB, Hologic Inc.).
Energy consumption measurement The energy consumption measurements have been performed in the following locomotion conditions:
(1) WHCH locomotion: (a) at rest; (b) during locomotion on a wheelchair-adapted rolling ergometer (Ergotronic 4000, Sopur, Germany) at two incremental speeds, for 7 min each speed, until muscular exhaustion; (2) ARGO and ARGO+FES: (a) at rest, both sitting on a chair and standing with orthosis, (b) during orthosis-assisted ambulation, maintaining two different velocities chosen by the subject (self-selected speed and maximum speed) for at least 2 min: (3) Parastep system: (a) at rest, both sitting on a chair and standing; (b) during Parastep assisted ambulation, maintaining the only possible speed for our patient for 4 min.
Both tests (2) and (3) have been performed at the end of the training for the speci®c locomotion system.
During the tests (1) and (2) the patient was allowed to rest for about 10 min between each test at dierent speeds.
The measured parameters were:
. . the metabolic cost of locomotion, ie the amount of oxygen required to cover 1 m distance; . the net cost of locomotion (C, ml kg 71 m 71 ), corresponding to the energy required to cover 1 m per unit of transported mass (body+WHCH or orthosis or Parastep).
Results
Training ecacy assessment
The thigh circumference increased from 42 to 44 cm after the training for muscular conditioning, and remained constant during the whole period of assisted gait.
The force values, expressed as maximum isometric knee torques, increased in both legs from 20 Nm at the beginning to 40 Nm at the end of the muscle conditioning training, and it was further doubled at the end of the training with all walking systems.
The fatigue index decreased from 30% at the beginning to 28% at the end of the muscle conditioning training, and it was reduced further to 22% at the end of the training with all walking systems.
Finally, according to the Pendulum Test results, the low initial level of spasticity (Relaxation Index=1.63, normal value51.7) was found to be unchanged during the training period.
The average value between the two legs of the pretraining period of the bone mass density (BMD=0.69 gr cm 72 ) was just below the minimum level of the normative range (BMD between 0.75 and 1.1 gr cm 72 ), and remained constant after the training (BMD=0.70 gr cm 72 ).
Energy expenditure
The speed of orthosis assisted gait was much lower than the WHCH locomotion. The velocity of locomotion was comparable between ARGO and AR-GO+FES, and was signi®cantly faster than with the Parastep (Table 1 Figure 1 shows the aerobic energy expenditure per kg of body mass which occurs from sitting to standing and during locomotion with each walking system. VO 2 was similar during the transition from sitting to standing with ARGO and ARGO+FES, whereas it increased dramatically with Parastep. VO 2 value was higher during the locomotion with Parastep than with ARGO and ARGO+FES, at any speed.
HR increased linearly during ambulation with ARGO, ARGO+FES and Parastep. However, HR did not rise over 124 bpm during Parastep gait (Table 1 ). Figure 2 shows the eects of the assisted gait with each walking system on the heart rate, expressed as per cent of the maximal theoretical heart rate (computed as 220 ± age). During gait at self selected speed, HR was 74, 56 and 65% for ARGO, ARGO+FES and Parastep respectively. Figure 3 shows the HR/ VO 2 relationship for all the locomotion systems: the r 2 slope of each curve is reported in Table 2 . The slope dierence D s1 HR/ VO 2 [bl 71 ] refers to the increase in heart beats for litre of O 2 consumed when changing from WHCH to orthosis ambulation: the higher values were observed from the ARGO locomotion. Figure 4 shows the pulmonary ventilation. VE values were much higher in standing with Parastep than ARGO (with and without FES). Even during locomotion at self-selected speed VE was higher with Parastep than with ARGO and ARGO+FES. In Figure 5 the oxygen required by the subject to cover 1 m distance is presented. The value is higher for Parastep than for ARGO and ARGO+FES.
Functional results
At the end of each training the patient was able to don and do and to use each system without assistance. He was able to wear the Parastep in a shorter time than the reciprocating orthosis and to manually self-activate the stimulation for both systems. At the end of the training with ARGO, the patient was able to walk independently without rest for about 200 m both indoor and outdoor. On the other hand, he could walk for about 15 m, only indoor, using the Parastep system. According to his opinion, Parastep was less complicated to use; nevertheless, it was rather fatiguing. The results obtained with ARGO are in agreement with a previous study, 29 whereas with the Parastep our patient walked slower as reported in another study. 30 
Discussion
Training ecacy and safety The dierent training performed for the dierent systems, each including muscle conditioning and walking, were eective in our patient, as demonstrated by the induced morphometric variations in the circumference of the legs, by the positive results of the force tests and by the decreased fatigue index. In addition, spasticity was not aected by training, as can be argued by the results of the Computerised Pendulum Test. No signi®cant changes were found in bone mineral density, in agreement with previous studies. 31 Hence, it can be concluded that training procedures with FES were both eective and safe in our patient. The training did not produce adverse eects on the musculo-skeletal trophism and did not worsen spasticity. These results are in agreement with previous observations on the physiological eects of muscular training induced by FES in paraplegic patients. 1, 2, 9, 20, 32 Energy expenditure during assisted walking Standing In a previous work 33 in paraplegic subjects the muscular pump in lower limbs and the vasomotor control in the splanchnic area were shown to be impaired, thus leading to an inadequate venous return during exercise. Such impairment is overemphasized in standing posture because of the gravitational eect. Table 2 Figure 4 VE for ARGO, ARGO+FES and Parastep in standing and during gait at self selected speed and maximal speed (only for mechanical orthosis) is presented
Speed, km h -1 Figure 5 The cost of locomotion required to cover 1 m distance for WHCH and walking systems
The signi®cant increase in HR found in standing, which counteracts the increased stroke volume, seems to con®rm this observation. 33 In addition, in the present study it was shown that the energy requirement during standing, in terms of VO 2 consumption and VE, is higher with Parastep than with ARGO (with and without FES) (Figures 1 and 4) . Indeed, during standing with ARGO (with and without FES), the patient did not make any muscle eort to maintain the standing posture, provided by the mechanical structure. On the contrary, standing with Parastep requires the continuous electrical stimulation of the quadriceps in order to lock the knee joint and the consistent contraction of upper limb muscles to maintain the equilibrium. This may account for the elevated VO 2 , VE, and HR increases during the transition from sitting to standing, observed only with Parastep (Table  1) .
Assisted ambulation During orthotic ambulation the gravitational eect decreases stroke volume and impairs blood redistribution to upper limbs, leading to early fatigability. 33 Merati et al 13 have demonstrated that, compared to WHCH ambulation, during orthosis locomotion the HR/ VO 2 slope increases, ie HR increase is higher at a given VO 2 increase. On the contrary, HR/ VO 2 slope was similar between WHCH and orthosis with FES. 13 Accordingly, the results of this study show that the addition of FES to ARGO decreased the HR/ VO 2 slope to the value found in WHCH locomotion, probably because it improved the venous return and hence the stroke volume.
In spite of observations during ARGO+FES assisted gait, where HR increased to 165 bpm (corresponding to 98% of the subject's theoretical maximal HR), during walking with Parastep HR did not rise over 124 bpm (65% of HR max). This value is lower than the value obtained by Brissot et al and Jacobs et al during FES assisted gait, 34, 35 probably due to an increased blood pressure during Parastep ambulation. Unfortunately, we could not measure blood pressure during Parastep gait, as in our experimental protocol such procedure would have been carried out only with an invasive approach, because of the high level of the isometric contraction in upper limbs. However, a linear increase in blood pressure associated with an increase in HR not beyond 127 bpm in paraplegics during isometric exercise induced by electrical stimulation was recently found by Petrofsky. 36 We suggest that, whereas during ARGO+FES walking the muscular contractions were isotonic and intermittent, during the Parastep ambulation the contraction of quadriceps had a large isometric component and that the trunk and arm muscles were activated continuously and isometrically. The consequent barore¯ex modulation of HR, whose anatomical pathways are almost completely preserved in a T 5 ± T 6 lesion, leads to a bradycardic response.
The in¯uence of room temperature on HR can be ruled out, as all experiments were carried out at the same comfortable room temperature.
Cost of locomotion
In a previous study, FES was found to increase the cost of locomotion (C) at low and self-selected speed. 13 The present results showed a similar behavior: a higher C value with ARGO+FES than with ARGO alone at low speed (v50.8 Km h 71 ). Probably faster speeds with FES would result in lower energy expenditure, as a consequence of a lower amount of energy required by the stance. 16 Moreover, a much higher C value (see Figure 5 ) was found with Parastep than with ARGO (with and without FES). This is clearly due to the high energy consumption required (see Figure 1 ) and the extremely low speed obtained (v=0.2 Km h 71 ). It can be argued that the addition of the electrodes on the gluteus maximus or on the low back muscles, not suitable in the considered patient despite the high lesional level, would improve gait performance by means of a better trunk control and a smaller involvement of upper limb muscles. This may suggest that the intolerability of FES on the lower back of a high level paraplegic subject, should be critically considered.
Conclusions
FES can improve ambulation with orthosis, as it facilitates the venous return and the stroke volume. Nevertheless, the energy expenditure of the assisted ambulation remains very high, even during the locomotion at the self-selected speed. In our subject, Parastep assisted gait was found to require a higher energy expenditure with respect to other orthoses (either with or without stimulation), in terms of oxygen consumption and cost of locomotion. This is probably due to the slower speed of locomotion the subject could achieve with this walking system, which determines a continuous eort of the stimulated muscles, and a large isometric contraction of the trunk and arm muscles to maintain the equilibrium of the body, in particular when back muscles of a high level lesion patient are not stimulated.
These results suggest that by improving the control eciency of stimulation, in order to obtain a muscular recruitment more similar to the natural one, could lead to a smoother and faster gait where the isometric components would probably decrease. Since the Parastep system proved to be very comfortable to don and do autonomously in a short time, very light to wear and less cumbersome to use indoors, further studies should be performed to investigate new algorithms (like neural networks and adaptive control rules) in order to improve the control strategies. Whether such a goal could be reached by surface or implanted electrodes remains an open question.
